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Faculty of Science and Engineering, Waseda University, Tokyo, JapanABSTRACT Electron microscopy has shown that cross-bridges (CBs) are formed at the target zone that is periodically distrib-
uted on the thin filament in striated muscle. Here, by manipulating a single bead-tailed actin filament with optical tweezers, we
measured the unbinding events of rigor CBs one by one on the surface of the A-band in rabbit skeletal myofibrils. We found that
the spacings between adjacent CBs were not always the same, and instead were 36, 72, or 108 nm. Tropomyosin and troponin
did not affect the CB spacing except for a relative increase in the appearance of longer spacing in the presence of Ca2þ. In addi-
tion, in an in vitro assay where myosin molecules were randomly distributed, were obtained the same spacing, i.e., a multiple of
36 nm. These results indicate that the one-dimensional distribution of CBs matches with the 36-nm half pitch of a long helical
structure of actin filaments. A stereospecific model composed of three actin protomers per target zone was shown to explain
the experimental results. Additionally, the unbinding force (i.e., the binding affinity) of CBs for the reconstituted thin filaments
was found to be larger and smaller relative to that for actin filaments with and without Ca2þ, respectively.INTRODUCTIONThe structure of striated muscle is so precisely ordered that
the muscle is sometimes compared to a liquid crystal. The
thick filament (i.e., the myosin filament with accessory
proteins, such as C-protein) and the thin filament (i.e., the
actin filament with regulatory proteins, such as tropomyosin
and troponin) are regularly arranged, forming a hexagonal
filament lattice in a sarcomere. Sarcomeres are observed
commonly in striated muscles of species ranging from
insects to humans, with some variations in length (e.g.,
2–3 mm and up to ~8 mm in the claw muscle of crayfishes).
The half pitch of the helical structure of thin filaments is
~36 nm in vertebrate muscles, whereas it is 38.5 nm in
some invertebrate muscles due to the untwisting of two
long helical strands. The thick filament has an axial repeat
of ~14.3 nm between myosin molecules, and the half-helical
pitch of the filament is 14.3  3 ¼ 42.9 nm in vertebrates,
which is incommensurate with the pitch of the thin filament.
One cannot fully understand muscle mechanics without
clarifying the details of interfilament interactions within the
regular architecture that is specific to each type of muscle.
The process of insect flight muscle contraction is completed
with an oscillation amplitude of ~3% (1). On the other hand,
the skeletal muscle must contract for a rather longer distance.
It shortens both quickly and slowly, and sometimes stops
during force generation (isometric contraction) accordingSubmitted March 18, 2011, and accepted for publication October 25, 2011.
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. Open access under CC BY-NC-ND license.to the situation encountered by the animal. These functions
are closely dependent on the crystalline structure of the
contractile system of muscles. Recent studies have shown
that asynchronous flight muscles have consistent crystal
quality throughout the entire length of a single myofibril,
whereas the legmuscles of these insects or vertebrate skeletal
muscles do not have this consistent crystal quality (2,3).
On the lower, nanoscopic level in the structural hierarchy
of muscle, electron microscopy and x-ray diffraction studies
have shown target zones (regions) along the thin filaments
that are composed of two to three actin protomers. The target
zone was first recognized in rigor insect flight muscle, which
has four-stranded myosin filaments (4). This target zone has
since been repeatedly observed in rigor and other equilibrium
states (5–9).Wu et al. (10) clearly showed that the number of
actin protomers/target zones is two per each strand in isomet-
rically contracting muscle. In single-molecule studies on
pure actin filaments, target zones appeared to be defined steri-
cally by the 72-nm twist of actin filament (11,12). Although
target zones have also been shown in vertebrate skeletal
muscle by electron microscopy (e.g., in fish (13–15), frog
(13), and rabbit (16)), the distribution of the target zones
along each thin filament remains to be clarified in live
muscles, especially in higher vertebrates.
It is of interest to determine how the mismatched periods
of the thin and thick filaments (i.e., 36 nm and 42.9 nm,
respectively) contribute to the actual arrangement of target
zones in higher vertebrates. This information can be crucial
to build a comprehensive model of acto-myosin interaction
and muscle contraction (17–19). Here, by measuring the
unbinding events one by one along an attached individual
actin filament, we determined the distribution of the spacing
between adjacent rigor cross-bridges (CBs) that were inter-
mittently formed between a single actin or a reconstituteddoi: 10.1016/j.bpj.2011.10.040
Quasiperiodic Cross-Bridges in Muscle 2741thin filament (5Ca2þ) and the thick filament on the A-band
in rabbit skeletal myofibril. In addition, we determined the
unbinding force distribution to clarify the binding manner
and the binding affinity of CBs.MATERIALS AND METHODS
Solutions
The rigor solution consisted of 60 mM KCl, 5 mM MgCl2, 10 mM
3-(N-morpholino)propanesulfonic acid (MOPS), pH 7.0, 1 mM EGTA.
The assay solution for microscopic measurements with myofibril (AB)
consisted of 25 mM KCl, 4.2 mM MgCl2, 25 mM imidazole-HCl, pH
7.4, 1 mM EGTA, 10 mM dithiothreitol (DTT), 2 mg/ml bovine serum
albumin (BSA), 4.5 mg/ml D(þ)-glucose, 50 U/ml glucose oxidase, and
50 U/ml catalase. The regulated filaments were stored in 100 mM KCl,
6 mM MgCl2, 25 mM imidazole-HCl, pH 7.4, 1 mM EGTA, and 5 mM
DTT. The solution used to partially dissociate the A-band from both ends
was the rigor solution with 4 mM ATP, 10 mM DTT, and 300 mM instead
of 60 mM KCl. The washing solution used to stop the high-salt treatment
was the rigor solution with 4 mMATP and 10 mMDTT. The blocking solu-
tion was the rigor solution with 5 mg/ml BSA and 10 mM DTT. The rigor
solution for microscopic measurements in the in vitro motility assay (i.e.,
the in vitro rigor solution) consisted of 25 mM KCl, 4.2 mM MgCl2,
25 mM imidazole-HCl, pH 7.4, 1 mM EGTA, and 10 mM DTT. ATP
was purchased from Roche Applied Science (Indianapolis, IN), and BSA
was purchased from Sigma Aldrich (St. Louis, MO). Other chemicals
were purchased from Wako Pure Chemical Industries (Osaka, Japan).Preparation of myofibrils and proteins
Male white rabbits (2.0–3.0 kg) were anesthetized by injection of sodium
pentobarbital (25 mg/kg) into an ear vein and then decapitated. Psoas
muscle fibers were glycerinated immediately (20), and myofibrils were
prepared on the day of measurements by homogenizing the fibers in rigor
solution containing 10 mM DTT. Actin (20), myosin (21), and tropomy-
osin-troponin complex (native tropomyosin (nTm)) (22) were prepared
from skeletal white muscle of the back and legs of the rabbits. Heavy mero-
myosin (HMM) was prepared by chymotryptic digestion of myosin and
stored at 80C after quick freezing in liquid nitrogen. Actin filaments
were labeled with rhodamine-phalloidin (Rh-Ph, R-415; Molecular Probes,
Eugene, OR). Carboxylated beads (1 mm, F8815) for bead-tailed actin
filaments were also purchased from Molecular Probes. Bead-tailed actin
filaments were prepared as previously reported (23). Bead-tailed thin fila-
ments were prepared according to Gordon et al. (24). Briefly, 400 nM of
bead-tailed actin filaments were incubated overnight on ice with 100 nM
nTm and 0.5 mg/ml BSA in the solution for regulated filaments. All proce-
dures conformed to the ‘‘Guidelines for Proper Conduct of Animal Exper-
iments’’ approved by the Science Council of Japan, and were performed
according to Waseda University’s regulations for animal experimentation.Microscopy system
The microscopy system and methods used for image analysis were basically
the same as those described previously (23,25). Briefly, the phase-contrast
image of the bead, acquired with a charge coupled device (CCD) camera
(CCD-300; Dage-MTI, Michigan City, IN), was digitized by a frame
grabber LG3 (Scion, Frederick, MD) through a CREST image (a custom-
made software modified from National Institutes of Health Image by
Dr. Ryohei Yasuda) with a personal computer (Apple Japan, Tokyo, Japan).
The position of the bead was simultaneously calculated for every camera
frame (30 frames/s video rate). The fluorescence image of the bead-tailed
actin filament was visualized with an ICCD camera (ICCD-350F; Video
Scope International, Washington, DC) and stored in a digital tape recorder(DSR-45A; Sony, Tokyo, Japan). The recorded fluorescence images were
then digitized by LG3 through CREST image, and analyzed by ImageJ soft-
ware with a personal computer (Dell, Round Rock, TX). An Nd:YAG laser
(T10-V-106C, 2.5W; Spectra-Physics Lasers, Mountain View, CA) coupled
with an optical fiber was used for the optical tweezers. The position of the
objective lens along the Z direction was controlled by a piezoelectric actu-
ator (P-720.00; Physik Instrumente GmbH & Co., Karlsruhe, Germany)
connected to a synthesized function generator (FG300; Yokogawa Electric,
Tokyo, Japan) through a bipolar power supply/amplifier (BWS120-2.5;
Takasago, Tokyo, Japan). Measurements were performed with the trap
stiffness of the optical tweezers set between 0.14 and 0.24 pN/nm.Assay on the native A-band
Flow cells were prepared with the use of coverslips and 75-mm-thick spacers.
One volume of rigor solution in which myofibrils were dispersed was applied
fromonesideof theflowcell.Then,myofibrils thatwerenot attachedto theglass
surfacewere washed away by rinsing with an additional three volumes of rigor
solution containing 10 mM DTT. In this step, myofibrils tended to align in the
same direction along with the flow. Among the adheredmyofibrils, we selected
those inwhich one end had noZ-line, as in the case of theA-bandmotility assay
(25). Themyofibrilswere treatedwith 0.5% (v/v) TritonX-100 in the rigor solu-
tion containing 10 mMDTTand then washed several times with the rigor solu-
tion containing 10 mM DTT to remove Triton X-100. After the flow cell was
washedwithAB, bead-tailed actin filaments inABwere applied and both edges
of the flow cell were sealed with nonfluorescent nail polish. nTm (100 nM) was
present in the measurements with bead-tailed thin filaments. Measurements
with Ca2þ were performed in AB with 1 mM CaCl2 and 23 mM KCl instead
of 25 mM KCl. All measurements were carried out at 23–26C.Assay on the A-band partially dissociated
from both ends
Myofibrils were prepared in the flow cell as described above. After Triton
X-100 was washed out, three volumes of blocking solution were applied.
The myofibrils were then treated with the A-band dissociation solution for
180 s, and myosin molecules, depolymerized from both ends of A-bands,
were washed out with washing solution followed by blocking solution
(20,26). After the flow cell was washed with AB, bead-tailed actin filaments
in AB were applied and both edges of the flow cell were sealed with nonflu-
orescent nail polish. All measurements were carried out at 23–26C.Assay on chemically etched coverslips
with attached myosin molecules
Chemically etched coverslips were prepared as described previously (27).
The height of the pedestals was adjusted to be ~1 mm. Coverslips were
coated with collodion before each experiment. One volume of 30 mg/ml
of HMM molecules in the in vitro rigor solution was applied from each
side of the flow cell at 1-min intervals. Then the HMM molecules that
did not attach to the surface were washed away by the in vitro rigor solution.
Finally, bead-tailed actin filaments in the in vitro rigor solution were applied
and both edges of the flow cell were sealed with nonfluorescent nail polish.
All experiments were carried out at 23–26C.RESULTS
Direct observation of intermittent unbinding
events between a single actin filament
and myosin molecules in a myofibril
A bead-tailed actin filament (2–5 mm long) was manipulated
by optical tweezers and attached along the surface ofBiophysical Journal 101(11) 2740–2748
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FIGURE 1 Direct observation of unbinding events of a single actin fila-
ment at the outer surface of the A-band in a myofibril. (A) Schematic illustra-
tion of the experimental setup under the microscope. (B) Phase-contrast
image (top) and fluorescence image (bottom; cf. Movie S1). (C) Three exam-
ples showing the time course of bead displacement, r, from the trap center in
the X-Y plane. The X and Yaxes are taken to be parallel and perpendicular to
the long axis of the myofibril, respectively (r ¼ (X2þY2)0.5). The rate of
movement along the Z-axis of the trap center was 33 nm/s. Triangles and dia-
monds indicate themoment at which the unbinding occurred. Solid triangles:
double-headed unbinding; open triangles: single-headed unbinding; open
diamonds: unbindingmode not determined. Each unbindingmodewas deter-
mined by the unbinding force fromFig. 3 (see themain text formore details).
Stars indicate the moment at which the actin filament was detached from the
A-band or the bead. The inset at the top shows an enlarged view at the corre-
sponding time frame showing subsequent two unbinding events. (D) Param-
eters for calculating CB spacing, x. Top: Side view (l, the distance between
the initial position of the bead (O) and the end of myofibril (B0); CO, the
height of the trap center). Bottom: Top view (r, the displacement of
the bead from the trap center in X-Y plane; dr, the displacement of the bead
due to the breakage of CBs; Q, the angle between the long axes of the
attached actin filament and the A-band). Bead-tailed actin filament is indi-
cated by a solid line with a circle (bead). Myofibril is drawn on the right as
a square with CBs as ovals. (E) Sequential distribution of CB spacing along
an actin filament. (F)Mapping of the position ofCBs along the actin filament.
The running total of CB spacing is displayed along the X axis. Note that the
12th CB in the bottom data in F did not detach as observed in C (bottom).
2742 Suzuki and Ishiwataa myofibril in the absence of ATP. At first, the bead-tailed
actin filament trapped by optical tweezers was positioned
at the end of a myofibril. The Z-position of the trap center
was set above the A-band such that the actin filament did
not reach the A-band. The trapped bead freely rotated in
the trap center, which could be visualized by the rotational
movement of the attached single actin filament under the
fluorescence microscope (cf. Supporting Material in Suzuki
et al. (25)). Immediately after the actin filament was directed
along the myofibril, the bead was approached downward to
the glass surface. Then, rigor CBs were formed between the
actin filament and myosin molecules in the A-band (Fig. 1,
A and B). A myofibril in which the Z-line was absent at the
end was carefully selected. (The same criterion as previ-
ously reported in the A-band motility assay system (25)
was used; the difference from the previous system is that
here the native thin filaments exist as schematically shown
in Fig. 1 A.) The position of the sample stage was adjusted
so that the actin filament was confirmed to be straight. We
then pulled the bead-tailed actin filament upward at a
constant speed (33 nm/s) by moving the objective lens to
observe individual intermittent unbinding events of CBs
(see Movie S1 in the Supporting Material). It was impos-
sible to distinguish each event with a speed higher than
33 nm/s. Although we expected it to be easier to count
unbinding events at a lower speed, we could not obtain suffi-
cient spatial resolution with a speed lower than 17 nm/s
because of the stability of our setup (23,25).
As the height of the trap center, Z(t), was increased, the
bead continuously deviated from the trap center toward
the myofibril (cf. CA0 in Fig. 1 D). After a while, the abrupt
movement of the bead toward the trap center (by dr on the
X-Y projection) occurred within one or two video frames,
which was due to the unbinding of the CB located nearest
to the bead. These processes were repeated successively,
creating a sawtooth pattern on the time course of the bead
displacement, r(t) (Fig. 1 C, see also Fig. 1 D, bottom).
Two unbinding events sometimes occurred within ~10 video
frames (Fig. 1 C; an enlarged view is shown in the top inset).
In some preparations, the bead escaped from the optical trap
and was left behind on the myofibril with no unbinding
event because of the high stability of the bound CBs. These
measurements were not included in the data. At the end of
the measurements (indicated by stars in Fig. 1 C), the
bead returned to the trap center when the whole actin fila-
ment was completely detached from the A-band, or when
the actin filament was detached from the bead and it was
left behind on the A-band.Because the spacing between the 11th and 12th CBs was calculated from
the 11th unbinding, the position of the 12th CB could be determined. Solid
and open circles indicate the positions where the double- and single-headed
unbinding, respectively, occurred (corresponding to the solid and open trian-
gles, respectively, shown in C). Open diamonds: unbinding mode not deter-
mined. The data in E and F were taken from the measurements as shown by
the corresponding color in C. In the top, middle, and bottom panels in C, l¼
1778, 1935, and 1505 nm, respectively.Spacing of CBs on native A-band
We calculated the spacing between CBs, x, geometrically
(Fig. 1D, top). As x<< l, q0z q1h q. As the displacement
of the bead along the Z axis from the trap center was no
more than 10% of CO (cf. Fig. S2), q z tan1(CO/l). InBiophysical Journal 101(11) 2740–2748
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FIGURE 2 Distribution of CB spacing. Data were obtained with bead-
tailed actin filaments (A), and reconstituted thin filaments in the absence
(B) and presence (C) of Ca2þ. Each panel shows the number of data, n,
and the number of myofibrils examined, N. The slender lines show the fit
to triple Gaussians for data < 140 nm; the proportion of the three peaks
at 36: 72: 108 nm was 0.78: 0.13: 0.09 for actin filaments (Fig. 2 A). In
A–C, l ¼ 21445 787, 1575 5 397, and 1843 5 481 nm (mean 5 SD),
respectively.
Quasiperiodic Cross-Bridges in Muscle 2743addition, as q2 << 1, cosq2z 1 and dr ¼ A0A1cosq. There-
fore, A0A1 ¼ dr/cosq. On the other hand, A1B1 ¼ l þ x,
B1D ¼ x cosq, A0D ¼ lcosq2 z l. Therefore, A0A1 ¼
A1B1  B1D  A0D ¼ x(1  cosq). Then we obtain x ¼
dr/cosq/(1  cosq). Because we were able to measure CO,
l, and dr, we can calculate x. Measurement errors can arise
from every parameter (CO, l, and dr). We estimated the
measurement error in CO as 5300 nm, which is due to
both the positioning of the bead at the beginning of measure-
ments and the axial displacement of the bead during the
measurements. The measurement error in l from both the
phase-contrast and fluorescence images was estimated to
be 52 pixels, corresponding to 5130 nm. The standard
deviation (SD) of the bead position trapped at 0.12 pN/nm
for 40 s was previously determined to be ~1.5 nm in the
present setup (25). Then, the above-mentioned measure-
ment errors yield the calculated error of 6.3 nm as a final
spatial resolution.
First, we measured the spacing, x, between consecutive
CBs (Fig. 1 E) and took a running total of CB spacing to
draw a map of their positions (Fig. 1 F). These maps
suggest that the major spacing is ~36 nm with minor longer
spacing lengths. To further confirm this observation, we
made a histogram of spacing from all measurements.
Fig. 2 A clearly shows the peaks at the multiple of
36 nm, with the majority (70–80%) of the total at 36 nm
(cf. Fig. 5 C and Table S1). The distribution of the data
at each peak is consistent with previous reports suggesting
that two to three actin protomers comprise a single target
zone (10–12,28). Here, by dividing the sum of the CB
spacing lengths by the total number of CBs, we were
able to determine the average number of CBs per unit
length of overlap (0.024 /nm for the data below 140 nm
in Fig. 2 A). If we assume that 75 myosin molecules per
actin filament exist for the full overlap of 700 nm inside
the trigonal points of thick filaments in the A-band (25),
we can calculate that 75/3/700 ¼ 0.036 myosin mole-
cules/nm are available between single actin and myosin
filaments. Therefore, we conclude that 67% of all myosin
molecules on the thick filament can form CBs with an actin
filament under the rigor condition.
There was a variation in the angle between the long axis
of the attached actin filament and the A-band, Q (Fig. 1 D,
bottom). The separation between the nearest-neighboring
thick filaments aligned in parallel is assumed to be 41 nm.
When an actin filament attached to the A-band with an
angle, Q, of 5, the length of actin filament bridging
between adjacent thick filaments is calculated to be 41/
sin5 ~ 470 nm. As Q and the length of the actin filaments
increase, the probability that the actin filament will bridge
more than two thick filaments increases. However, when
all of the data were classified into two groups (0% Q < 5
and Q R 5), we did not see any significant difference in
the distribution of CB spacing (Fig. S1 A). Therefore, we
concluded that the spacing did not depend on the Q weexamined, and thus all of the data could be merged for the
subsequent data analysis.Spacing of CBs in the reconstituted thin filaments
How do muscle regulatory proteins affect CB formation?
We examined the reconstituted thin filament composed of
a bead-tailed actin filament and nTm of rabbit skeletal
muscle. Again, we obtained peaks at a multiple of 36 nm
in the spacing histograms independently of [Ca2þ] (Fig. 2
B and C; Fig. S1, B and C; and Table S1). The 36 nm spacing
was not modulated by the addition of nTm. The average
number of CBs per unit length of overlap of the reconsti-
tuted thin filament was 0.023 and 0.026 /nm with and
without Ca2þ, i.e., 64% and 72% of total myosin molecules,
respectively.
It is noteworthy that the third-largest peak at 116 nm in
the presence of Ca2þ appeared between 108 (36  3) and
144 (36  4) nm (Fig. 2 C and Table S1), and it was broader
than the other peaks.Unbinding force measurements
To investigate the binding manner and stability of rigor
CBs, we measured the unbinding force and its distribution
using various loading rates as previously reported for theBiophysical Journal 101(11) 2740–2748
2744 Suzuki and Ishiwatakinesin-microtubule complex (29). Only one type of bind-
ing will give the distribution of a single peak, whereas a
mixture of single- and double-headed bindings will give
two peaks (30,31).
As the applied force was gradually increased, the bead
was pulled toward the myofibril with the X-Y components
in addition to the Z component of displacement. To deter-
mine how much the bead was displaced to the Z axis
(DZ in Fig. 1 D), we obtained the relationship between the
radius of the diffraction ring of the bead attached to a glass
surface in the phase-contrast images and the Z-axis position
of the bead. We found that the size of the diffraction ring
was linearly decreased as the focal plane was moved down-
ward from the top of the bead toward the glass surface
(Fig. S2). This result is consistent with that obtained by
Chen et al. (32) using a bright-field image. Thus, we could
determine DZ of the bead during the unbinding measure-
ments, and the unbinding force was chosen only when DZ
was <250 nm. The trap stiffness of the optical tweezers in
the Z axis is about one order of magnitude smaller than
that in the X-Y plane (33). Therefore, it was possible to esti-
mate the net unbinding force only from the displacement of
the bead in the X-Y plane within this limit of DZ, of which
the contribution to the unbinding force was negligible.
Fig. 3 shows the histogram of unbinding force distribu-
tions for actin filaments and reconstituted thin filaments
(5Ca2þ). Each histogram has two peaks, corresponding
to a smaller (peak 1) and a larger (peak 2) unbinding force.
The unbinding force of peak 2 was ~2-fold greater than that
of peak 1 (Table S2), and the proportion of peak 2 was
smaller than that of peak 1. When the average loading rate
was increased from 0.2 to 0.7 pN/s, the unbinding forces
for peaks 1 and 2 increased by 67% and 49% in actin fila-
ments, respectively. In the reconstituted thin filaments, the
unbinding forces for peaks 1 and 2 increased by ~57%
and 24% in the absence of Ca2þ, and by ~88% and 70%
in the presence of Ca2þ, respectively. As a result, the
unbinding force at the higher loading rate for peaks 1 and
2 of the reconstituted thin filaments was smaller by 6%Biophysical Journal 101(11) 2740–2748and 24% in the absence of Ca2þ (4.7 and 8.4 pN), and larger
by 20% and 26% in the presence of Ca2þ (6.0 and 13.9 pN)
relative to the actin filaments (5.0 and 11.0 pN, respec-
tively). At the same time, the proportion of peak 2 was
markedly increased from 37% to 60% for actin filaments
and from 29% to 50% for the reconstituted thin filaments
without Ca2þ, but this was not the case for the latter with
Ca2þ (from 36% to only 44%).Spacing on the short A-band
At the center of the A-band there is a part called the M-line
(cf. Fig. 1 A), where bipolar myosin thick filaments are
bundled. There is a bare zone around the M-line where no
myosin heads exist (34). Here, we tried to directly measure
the distance between CBs separated by the central bare
zone. However, the native A-band was too long for us to
successfully determine the unbinding events from the end
of the myosin filament to the M-line along it. Therefore,
we examined the unbinding events using a shortened
A-band, which we obtained by partial depolymerization
from both ends by applying a high-salt treatment
(300 mM KCl) under the relaxing condition (26,35).
Then, we again observed the unbinding events with the
spacing at multiples of 36 nm (Fig. 4, A–C). We also
observed larger gaps (~100–200 nm) located almost at the
center of the short A-band (Fig. 4 B).Spacing in the in vitro motility assay
To determine the origin of the 36-nm spacing, we tested
a similar protocol for the conventional in vitro motility assay
system under the rigor condition, in which HMM molecules
are adhered to a glass surface. Their spacing and orientation
are considered to be at random. Therefore, this assay system
is suitable for studying the contribution of the regularity of
myosin molecules. We prepared pedestals ~1 mm high on
the glass surface using a chemical etching technique to attach
the bead-tailed actin filament parallel to the X-Y plane.FIGURE 3 Distribution of CB unbinding force. Both the
unbinding force and the loading rate observed just before
the unbinding event were obtained from the time course
of the bead displacement. Data were first classified by
the loading rate as <0.5 pN/s (upper row) or R0.5 pN/s
(lower row). Then the histograms were drawn. Data were
obtained with bead-tailed actin filaments (left column),
and reconstituted thin filaments in the absence (center
column) and presence (right column) of Ca2þ. The slender
curves show the fits to double Gaussians. Each panel
shows the average loading rate; the number of data, n;
and the number of myofibrils examined, N.
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FIGURE 4 Distribution of CB spacing obtained at the short A-band and
in an in vitro motility assay system. (A) Schematic illustration of the exper-
iments with the A-band in which both ends were partly dissociated by the
treatment with high ionic strength. (B) Three examples showing the posi-
tions of CBs along the actin filament (solid squares). The running total of
CB spacing is displayed along the X axis. Each open square shows the
length of the A-band at each measurement. Arrows indicate the half-length
of the short A-bands. (C) Distribution of CB spacing obtained at the short
A-band. (D) Schematic illustration of the experiment in the in vitro motility
assay system on a chemically etched coverslip. (E) Length of the overlap
between actin filaments and the pedestal. The values obtained from the
phase-contrast and fluorescence images in x are compared with those
obtained by the sum of each CB spacing in y. The dotted line, y ¼ x 
171.7 (nm), shows the regression line obtained under the condition that
the slope ¼ 1. (F) Distribution of CB spacing obtained in the in vitro
motility assay system. Each panel shows the number of data, n, and myofi-
brils examined (C) or pedestals used (F), N. In C and F, l¼ 17965 676 and
20715 1555 (nm, mean 5 SD), respectively.
Quasiperiodic Cross-Bridges in Muscle 2745Our results again showed peaks at multiples of 36 nm
(Fig. 4, D–F). In this assay system, we were able to confirm
that the total sum of spacing was nearly equal to the length
of the actin filament overlapping with the surface of pedestal
(Fig. 4 E).DISCUSSION
In contrast to the gelsolin-treated muscle system (36) and
the A-band motility assay system (25), native thin filaments
remained in the A-band in the myofibril used in the study
presented here. Hence, only the thick filaments that didnot interact with the native thin filaments were available
for CB formation with exogenous actin filaments. In prac-
tice, the bead-tailed actin filaments consistently attached
to the outer surface of the A-band over the whole length,
indicating that all of the myosin heads at the surface of
the A-band were free. As mentioned in the Results section,
some bead-tailed actin filaments could not be detached from
the A-band. Those filaments probably attached in between
the nearest neighboring thick filaments, so that more than
two closely located myosin molecules could bind to the fila-
ment. The force required to unbind these multimolecular
bindings must exceed the upper limit of the trap force,
and therefore these data were not included in the analysis.
Thus, we conclude that the sawtooth pattern of the
unbinding curve (cf. Fig. 1 C) is attributable to the
unbinding events for individual CBs on a single thick
filament.
Our results show that the CBs are formed at the spacing of
multiples of 36 nm along an actin filament (Fig. 2 A). This
was almost the case for the reconstituted thin filaments
(Fig. 2 B), except for in the presence of Ca2þ (Fig. 2 C).
Furthermore, similar peaks were also recognized in the
in vitro motility assay system (Fig. 4 F), where myosin
heads are randomly distributed. Therefore, the observed
peaks most likely come from the half pitch of the actin
72-nm helix, i.e., 36 nm.
It is important to note that we also frequently observed
large gaps (Figs. 1 F and 4 B), which resulted in the clear
peaks at 72 (36  2) nm and 108 (36  3) nm. As a total,
the ratio of CBs to all of the myosin molecules available
for one actin filament was determined to be ~65–70% per
individual thick filament. We computationally estimated
the number of 36  n (n ¼ 1, 2, 3,.) spacing of CBs
between a myosin filament and an actin filament according
to the model previously described by Squire et al. (37).
Because it is a one-to-one filament interaction, the effects
of the myosin filament superlattice (38) were not consid-
ered. Then, the structural regularity that they proposed
well reproduces both the number of CBs and the distribution
of spacing observed in our study (Fig. 5 and Supporting
Material). The model in which the target zone is composed
of three actin protomers can explain the experimental results
better than the other models, which hypothesize two or four
protomers.
On the other hand, previous studies of rigor muscle fibers
showed that nearly 100% of the available myosin molecules
were able to form CBs (39,40). In those studies, the rigor
CBs were thought to be formed as the thin filaments moved
back and forth upon the transition from relaxation to rigor,
accompanied by the consumption of ATP. Once the rigor
CB is formed, it is firm and not likely to be detached. In
fact, tilted CBs are often observed in rigor fibers (16).
In our study, however, the actin filament was gently laid
down on the surface of the A-band under the rigor condition.
CBs may therefore be formed as a result of a simpleBiophysical Journal 101(11) 2740–2748
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FIGURE 5 Distribution of CB spacing based on a stereospecific model.
The model is based on that of Squire et al. (37) (for details, see Supporting
Material). (A) Left: Axial arrangement of myosin heads (arrows) and actin
filaments (solid and open circles) along a myosin thick filament (gray
circle) as viewed from the Z-line to the M-line. It is considered that there
are two stable positions for the actin filaments around each thick filament
(i and ii). (i) The actin filament is assumed to interact with the thick fila-
ment, and most probably with the black crowns. It also interacts with the
blue and red crowns, but with lower probabilities. (ii) The actin filament
interacts with the blue and red crowns in an equal probability. Right: A
pair of the actin and thick filaments in the end of the A-band is schemati-
cally shown. An actin filament is drawn as a right-handed helical polymer
composed of actin protomers (indicated by circles). A myosin thick fila-
ment is illustrated with a thick backbone from which myosin molecules
protrude in a right-handed helix with a regular spacing of 14.3 nm. Solid
heads show the myosin heads that attach to the actin filament. The Z-
and M-lines are on the left and right, respectively. (B) Proportion of CBs
that formed between an actin filament and a thick filament as a function
of the axial displacement of the actin and thick filaments. (C) Proportion
of the peaks located at the multiple of 36 nm. Red, green, and blue circles
in B and C were obtained under the condition in which the target zone was
composed of three, two, or four actin protomers, respectively. Solid trian-
gles in C were obtained from the experimental data with <140 nm of CB
spacing shown in Fig. 2 A.
2746 Suzuki and IshiwataBrownian search of myosin heads. The difference between
these procedures may explain the difference in the number
of CBs. It is highly probable that the mapping of CBs along
the thin filament obtained here (Fig. 1 F) reflects the
inherent three-stranded helical arrangement of rigor heads
along the thick filament.
The third-largest population had a different appearance
when Ca2þ was present compared with other conditions
(compare the peak at 116 nm of Fig. 2 C with the peaks at
~105 nm of Fig. 2, A and B, and Fig. 4). Ebashi and associ-
ates (41) showed that troponin molecules are distributed
along the thin filaments with a regular pitch of 38 nm in
chicken skeletal muscle. Target zones were mainly observed
in between the adjacent troponins in fast-frozen insect flight
muscle during steady-state isometric contraction (5,10).
Considering these studies and our results, one reasonableBiophysical Journal 101(11) 2740–2748interpretation is that this broadly distributed peak is
composed of two populations: one that peaks at 108 nm
(36 nm  3), and a minor one at 114 nm (38 nm  3).
Furthermore, 38 and 76 nm peaks cannot be distinguished
from 36 and 72 nm peaks because they are too close. We
consider that the multiples of minor 38 nm spacing may
have been embedded in the analysis of muscle fibers of
higher vertebrates during the averaging processes, and that
they are disclosed here by the direct measurements.
The sevenfold sequence repeat of Tm is generally consid-
ered to interact equivalently with each actin monomer
(42,43). However, a recent report showed that the rotation
angle of Tm in the N-terminal half is different from that in
the C-terminal half in the presence of Ca2þ (44). In electron
micrographs of isometrically contracting flight muscle,
strong binding heads are shown to be present only at the
midway portion between two successive troponinmolecules,
suggesting that this part of a tropomyosin molecule binds
loosely to the actin filament (10). Here, in the presence of
Ca2þ, the arrangement of CBs appeared to accord partially
with the spacing of nTm. Taking into account the above
results in flight muscle, our result suggests that the CBs can
be formed favorably at the center of two successive nTms;
in other words, the seven actin monomers are not equivalent
in the activation with nTm. On the other hand, no difference
was observed in the absence of Ca2þ, suggesting that one
nTm nearly equally inhibits seven actin monomers.
In the myofibrils treated with 300 mM KCl, we observed
large gaps (100–200 nm long) at the center of the short
A-bands (Fig. 4 B). These large gaps appear as the fourth-
largest peak at ~145 nm (Fig. 4 C). This value is consistent
with the previous observations of ~160 nm in electron
micrographs of vertebrate skeletal muscles (45,46). The
substantial CB spacing at the central bare zone in rabbit
skeletal muscle is supposed to be detected in the range of,
e.g., 162 5 36/2 nm. Our data suggest that the shorter
spacing (162  18 ¼ 144 nm) is more likely formed.
The unbinding force of rigor CBs was in the range of
a few piconewtons to 20 pN (Fig. 3), which is similar to
previous data obtained from single-molecule experiments
with an actin filament (23,47). In addition, the unbinding
force distributions showed two peaks. With an increase in
the loading rate, the proportion shifted toward the stronger
peak. From these results, we conclude that the weaker and
stronger peaks correspond to single- and double-headed
bindings of single myosin molecules, respectively (Fig. 1,
C and F); that is, not all of the rigor CBs are double-headed
bindings, but a dynamic equilibrium exists between single-
headed and double-headed bindings.
As in the case of kinesin-microtubule interactions (29),
the equilibrium is markedly shifted toward the double-
headed binding in the rigor condition, as demonstrated by
intra- and intermolecular fluorescence resonance energy
transfer measurements for HMM heads bound to actin fila-
ments (48). According to the model analysis that assumed
Quasiperiodic Cross-Bridges in Muscle 2747a transition between the two binding modes (29), the propor-
tion of the two peaks is determined by the balance between
the loading rate and the rate constants of the double- to
single-headed binding transition. As the loading rate
increases (decreases), particularly when it becomes higher
(lower) than the rate of transition from the double- to
single-headed binding, the proportion of unbinding events
at the double-headed binding state increases (decreases).
Here, the fact that the proportion of double-headed binding
modes did not largely increase upon an increase in the
loading-rate in the reconstituted thin filament with Ca2þ
(Fig. 3) is understandable under the assumption that the
rate of transition from double- to single-headed binding
was larger than the loading rate, which is in contrast to
the other two cases.
In addition, the unbinding force of reconstituted thin fila-
ments largely depended on the concentrations of Ca2þ: the
unbinding force was ~10% to 20% weaker in the
absence of Ca2þ than actin filament, but conversely it was
~10–20% stronger in the presence of Ca2þ (Fig. 3 and Table
S2). Our results indicate that nTm without Ca2þ lowers the
binding affinity of CBs, and that nTmwith Ca2þ enhances it.
This implies that the regulation of CB formation is not
attributable solely to a simple steric blocking mechanism,
but rather is realized by structural changes of actin proto-
mers due to the position-dependent interaction with nTm.
In summary, we have shown that the distance between
adjacent rigor CBs was determined to be 36 nm primarily
by the regular structure of the thin filament, but in fact, it
is quasiperiodic (Figs. 1, 2, and 4). Taking into account
the 3D arrangement of actin protomers and myosin mole-
cules in the filaments determined by the structural studies,
we conclude that a simplified model well reproduces this
quasiperiodic distribution pattern (Fig. 5). Such a structural
incoherence is probably important for the functions of skel-
etal muscle. For example, this incoherence serves to keep
the proportion of CB formation nearly constant against the
nanoscopic changes in the overlap between the thick and
thin filaments (Fig. 5 B). To further elucidate the physiolog-
ical role of this incoherence, it would be interesting to
examine the asymmetry in the drag force on a single actin
filament for the rigor CBs not only on a single-molecule
level (49) but also on an assembly level, i.e., a regular array
of myosin molecules on a thick filament.SUPPORTING MATERIAL
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